Unraveling the Binding Mechanism of Trivalent Tumor Necrosis Factor Ligands and Their
Cytokines are signaling molecules involved in a range of biological processes and diseases. Cytokines and receptors belonging to the TNF superfamily have been a subject of interest for developing novel therapies for numerous diseases (1) . These cytokines e.g. TNF␣, TRAIL, 1 RANKL, and BAFF are type II transmembrane proteins, and the extracellular C-terminal moiety can be released by specific proteases to form a soluble and active protein consisting of three subunits of each ϳ20 kDa (2) . As one of the most promising anticancer therapeutic candidates, recombinant human TRAIL (rhTRAIL; comprising amino acids 114 -281) is able to kill a variety of cancer cells but not healthy cells. Currently, rhTRAIL is being tested in clinical phase II studies as an anticancer biopharmaceutical (3) . Despite good progress on structural insight, analysis of the interactions between TNF ligand family members and their receptors lacks unambiguous results. This seems mainly caused by the multivalent character of these molecules, i.e. trimeric cytokines but also often dimeric receptor-Fc fusions, which lead to complex kinetic behavior. In a series of experiments, we obtained several indications that surface plasmon resonance (SPR) assays with rhTRAIL WT and receptor-specific variants (4 -6) offer opportunities to establish a better characterization of their interactions with receptor molecules. For this, we meticulously applied SPR technology to elucidate the dynamics of complex formation of this important group of cytokines. We used rhTRAIL WT; a DR5-specific mutant, rhTRAIL D269H/E195R ; and death receptors DR4 and DR5 to develop the method, but we show with examples of other members of the TNF family that the method is generally applicable. Apart from presenting a method allowing unambiguous affinity determination, our results demonstrate that the binding mechanism of these cytokines is initiated via a high affinity interaction with the first receptor molecule, bringing the cytokine to the membrane. (4) . The gene encoding FLAG-rhTRAIL was constructed by introducing the sequence encoding MDYKDDDDKHM (FLAG sequence underlined) directly N-terminally of the rhTRAIL 114 -281 sequence in pET15b. FLAG-rhTRAIL was produced in Escherichia coli BL21 (DE3) and purified using the following three chromatographic steps: nickel affinity using HisTrap, ion exchange using Q-Sepharose FF, and gel filtration using Superdex 75 (GE Healthcare). Concentrations of all in house-produced proteins were determined by the Coomassie Plus Protein Assay using bovine serum albumin as standard (PerBio Science, Etten-Leur, The Netherlands).
Binding Cytokine to Captured Receptor-To capture receptor-Fc molecules to the surface of a sensor chip, protein A was directly immobilized to the chip surface of all flow cells in a Biacore 3000 instrument using a solution of 70 g/ml protein A in 10 mM NaAc, pH 4.5, and the primary amine coupling was performed according to the protocol of the supplier (GE Healthcare). Typical values for protein A immobilization were 5000 -20,000 RU for CM5 sensor chips, 800 -1200 RU for CM4 sensor chips, and 400 -800 RU for C1 sensor chips (GE Healthcare). After some regeneration rounds using 10 mM glycine, pH 1.5-2.0 (which were incorporated to arrive at a reproducible binding capacity of protein A), the chip was ready for use.
SPR methods were written with Biacore 3000 control software v.3.2. Experiments were carried out at 37°C using a flow rate of 50 l/min and HBS-P as running and dilution buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 0.005% (v/v) surfactant P20; GE Healthcare). The method comprised multiple cycles with injections of varying concentrations of the cytokine. Because each sensor chip contains four flow cells, flow cell 1 was used as control, and the other three flow cells were loaded with different densities of a receptor-Fc or with different receptor-Fc molecules. A volume of 100 -150 l of cytokine was injected over all flow cells. After recording the association and dissociation phases, the surface of the chip was regenerated by two injections of 10 mM glycine, pH 1.5-2.0 (30 s), and the next cycle could be started. To obtain a full set of data, at least eight concentrations of cytokine were used. Injections of run buffer were incorporated at regular intervals as internal control.
The concentration of receptor was adjusted to the desired density. Importantly, to have a homogeneous surface of captured receptor, the solution of receptor-Fc was injected at a relatively high flow rate (Ͼ30 l/min). Correction of all binding curves was performed by so-called double referencing, i.e. subtraction of the data of the "empty" flow cell 1 followed by subtraction of the data from a run buffer injection cycle as described before (7) . Waiting steps of several minutes were incorporated to avoid signal instability caused by changing the flow path. Sensor chips with immobilized protein A could be used for multiple experiments and were discarded when regeneration as described above was no longer effective.
Besides protein A, additional capturing molecules were tested, e.g. monoclonal mouse anti-human IgG (Fc) antibody as part of the human antibody capture kit (GE Healthcare); the monovalent IgG binding domain of Staphylococcal protein A, Z-fragment (8), supplied by Dr. P. A. Nygren; and monovalent camelid-derived human Fc ligand antibody (BAC, Naarden, The Netherlands). The results with these proteins were similar with respect to stoichiometry of the formed complexes between rhTRAIL and receptor-Fc. The camelid-derived human Fc ligand antibody showed bleeding of the captured receptor-Fc molecules and was discarded from further experiments. The Z-fragment and the mouse monoclonal anti-human IgG antibody were used for experiments in parallel to protein A, but because the results were similar to those obtained with protein A, the results have not been mentioned separately.
Binding of Monomeric DR5 Receptor to Captured FLAG-rhTRAILFor the binding of DR5 to FLAG-rhTRAIL, rabbit anti-FLAG antibody (Sigma) was captured to a density of 350 RU by protein A that was directly immobilized by standard amine coupling to the surface of a CM5 chip as described above.
Molecular Weights and Calculations of Binding Ratios-If molecule A binds to immobilized molecule B to form complex AB, the SPR signal that can maximally be reached is dependent on the amount of captured B (Capt) and the respective molecular weights (MW): R max ϭ (MW A /MW B ) ϫ Capt. Similarly, the maximum response for formation of complex ABn is: R max ϭ (MW A /(n ϫ MW B )) ϫ Capt.
For rhTRAIL WT, we used the molecular weight calculated for our trimeric protein (amino acids 114 -281): MW A ϭ 3 ϫ 19,500 ϭ 58,500. The molecular weight of FLAG-TRAIL was calculated to be 3 ϫ 20,800 ϭ 62,400. The bacterially produced BAFF has a molecular weight of 3 ϫ 17,000 ϭ 51,000. Monomeric DR5 (PeproTech EC) has a molecular weight of 14,900. For all proteins produced in mammalian cells, we used the molecular weight of the (glycosylated) protein that was given by the supplier and based on SDS-polyacrylamide gel electrophoresis under reducing conditions. The values are 3 ϫ 35,000 ϭ 105,000 for trimeric RANKL, 46,000 for the monomeric DR5-Fc, 46,000 for DR4-Fc, 60,000 for RANK-Fc, 45,000 for BCMAFc, and 47,000 for TACI-Fc.
RESULTS

Complex Binding Behavior of rhTRAIL and Its Death Receptors at High
Receptor Density-In many studies reported up to now, research groups have used an equilibrium approach to determine the affinity of the cytokine to its receptor. For this, receptor binding responses at the end of an injection of rhTRAIL are measured at a range of concentrations, and the binding isotherm is plotted to reveal the dissociation constant. In Fig. 1 , the sensorgrams of rhTRAIL WT binding to captured DR4-and DR5-Fc (Fig. 1, A and B) and the corresponding binding isotherms (Fig. 1 , C and D) are shown. We have used the term pre-steady state to describe an affinity value determined by this method (6) because it is clear that at lower rhTRAIL concentrations no equilibrium is reached. Additional experiments showed that increasing injection volumes resulted in increasing apparent affinity values (data not shown). A simulation shows that the applied injection time dictates the outcome of this value (supplemental Fig. 1 ).
While performing the SPR pre-steady state approach, we noticed that despite the nearly identical molecular weights of rhTRAIL WT and DR5-specific variant rhTRAIL D269H/E195R the binding to DR5-Fc showed a different maximal value (Fig. 1D ). This strongly suggested that the stoichiometry of the receptor complexes formed by these TRAIL proteins differs. More precisely, rhTRAIL D269H/E195R seems to be able to form lower complexes, i.e. complexes of trimeric rhTRAIL with less than three receptor molecules bound. In an SPR assay, formation of such a complex results in a higher R max value because more rhTRAIL molecules can bind to the same number of captured receptors. Additional analyses at high receptor density confirmed this interpretation (supplemental Fig. 2 ). We therefore decided to look into the influence of receptor density on complex formation.
Density and Type of Sensor Chip Determine Stoichiometry of Complex between TRAIL and Its Death Receptors-As shown
above, we observed a difference in R max values at a high density of receptor-Fc, indicating that rhTRAIL D269H/E195R has a stronger ability to form lower complexes than WT. By lowering the receptor density to a level where only the lowest complex can be formed, binding of each TRAIL protein should result in an identical R max value. This was indeed achieved with two types of sensor chips, CM4 (long dextran chains with a lower degree of carboxymethylation as compared with CM5) and C1 (no dextran chains). The experiment using a CM4 sensor chip is depicted in Fig. 2A . At the lowest density of receptor DR5-Fc, 13 resonance units (RU), identical responses were obtained after injection of 500 nM rhTRAIL WT and rhTRAIL D269H/E195R , whereas already at a slightly higher density (24 RU), a difference could be observed between the two TRAIL proteins. This difference increased with the density of immobilized receptor. The capture method in which the receptor-Fc molecules are bound by immobilized protein A allowed us to calculate that at the lowest density of 13 RU solely the trimer-monomer complex was formed (expected response was 13 ϫ 58.5/46 ϭ 16.5 RU), whereas at 24 RU of receptor, higher complexes also were formed. Importantly, this calculation demonstrates that each of the monomers of the receptor-Fc molecule, despite the bidentate nature of the Ig fusion protein, cannot bind to the same rhTRAIL molecule (Fig. 2C) .
To further explore the relationship of the stoichiometry of the formed TRAIL-receptor complexes with the density of captured receptor and the sensor chip type, SPR measurements were performed with the sensor chips CM5, CM4, and C1 at different densities of captured receptor DR5-Fc. Each R max value was determined with a concentration series of 1-250 nM rhTRAIL WT. The ratio of R max /receptor density was calculated and plotted as a function of the density of captured receptor (Fig. 2B) . Clearly, the combination of the type of sensor chip and the density of the captured receptor determines the stoichiometry of the formed complex. Association and dissociation rate constant values were obtained by global fitting after which the corresponding dissociation constant K D was calculated (Table I) . rhTRAIL WT had a nearly 6-fold higher affinity for DR5-Fc compared with DR4-Fc, caused by a higher association rate constant and a smaller dissociation rate constant.
Remarkably, the differences between rhTRAIL WT and rhTRAIL D269H/E195R for each receptor were found in their association rate constants and hardly in their dissociation rate constants. rhTRAIL D269H/E195R had a nearly 5-fold higher association rate constant for DR5 than rhTRAIL WT but a 35-fold lower association rate constant for DR4 when compared with rhTRAIL WT. Combination of these changes makes this mutant highly selective for DR5 as demonstrated before with pre-steady state SPR and cell assays (6) .
Kinetic System Is Generally Applicable to TNF Cytokines-In Fig. 4A , the binding of RANKL to three densities of captured RANK-Fc is shown. As for TRAIL, the stoichiometry of the formed complex of RANKL and RANK depended on the density of the captured receptor with R max /density ratios of 0.51, 0.55, and 1.15 at captured receptor densities of 255, 150, and 40 RU, respectively. These ratios correspond well with ratios found for rhTRAIL WT complexes with DR5-Fc (Fig.  2B) . The stoichiometry of the corresponding complexes was more difficult to calculate because RANKL and RANK-Fc are both produced in mammalian cells and show large deviations in calculated and experimentally determined molecular weights. At 40 RU of receptor, binding of RANKL may still result in a mixed population of trimer-monomer and trimerdimer complexes. However, when immobilizing only 13.4 RU of RANK-Fc to a CM4 sensor chip, a maximum was reached
FIG. 2. Stoichiometry of formed complexes of rhTRAIL and DR5-Fc as a function of receptor density on different sensor chips.
A, binding of 500 nM rhTRAIL WT (black) and rhTRAIL D269H/E195R (blue) to low densities (13, 24, and 35 RU; bottom to top) of captured receptor DR5-Fc on a CM4 sensor chip. B, calculated ratio R max /density as a function of the density of captured receptor on different sensor chips, CM5 (blue circle), CM4 (green circle), and C1 (red circle), as determined with rhTRAIL WT and DR5-Fc. The arrows indicate the ratios for formation of the different possible rhTRAIL-receptor complexes, trimer-monomer (3:1), trimer-dimer (3:2), and trimer-trimer (3:3), that were calculated using the molecular weights of the components. A trimer-trimer complex was obtained on the CM5 chip (Ͼ1000 RU receptor), whereas the trimer-monomer complex was formed at low density on CM4 (Ͻ15 RU) or C1 (Ͻ100 RU) sensor chips. A schematic view of the trimer-monomer, trimer-dimer, and the trimer-trimer complexes on the surface of a sensor chip is shown (C). D) captured by protein A on the surface of a CM4 sensor chip was followed at seven concentrations of TRAIL (3.91-250 nM; bottom to top) using a flow rate of 50 l/min at 37°C in HBS-P. The data were fitted with the 1:1 Langmuir model using BIAevaluation 4.1. The experimental curves are indicated in black, the fitted curves are in red; below every sensorgram, the residuals of the fitted curves are shown. Fig. 5 , capturing of DR5-Fc was followed by binding of rhTRAIL to form a trimermonomer complex; thereafter, 94 -3000 nM DR5 was injected.
Kinetics of Trivalent TNF Ligands and Their Receptors
This experiment delivers further proof of formation of the trimer-monomer because it was calculated that two molecules of DR5 are bound per preformed trimer-monomer complex. For WT, the maximum response was barely reached at 3000 nM DR5 (Fig. 5C ), indicating that the second and third receptor binding sites have a lower affinity compared with the binding of the first receptor molecule by rhTRAIL. Although no satisfactory fit could be obtained with available software (using model heterogeneous ligand-parallel reactions), both the association and dissociation rate constants seem to be affected. As expected, binding of DR5 to the preformed complex of rhTRAIL D269H/E195R was characterized by faster association compared with rhTRAIL WT (Fig. 5D) .
Binding of DR5 to Captured FLAG-rhTRAIL-In an alternative approach to analyze the dynamics of TRAIL-receptor complex formation, we bound FLAG-tagged rhTRAIL via anti-FLAG antibody captured by protein A and injected DR5 (Fig.  5E ). To correct for bleeding of FLAG-TRAIL from the antibody (Fig. 5E) , the data from a cycle in which buffer was injected instead of DR5 were subtracted. The corrected sensorgram is shown in Fig. 5F . The ratio of captured FLAG-tagged rhTRAIL (420 RU) and the binding of DR5 (250 RU at 1000 nM) are in agreement with 2.5 receptor molecules bound to each captured FLAG-rhTRAIL. The discrepancy with the expected three molecules of DR5 per FLAG-rhTRAIL is most likely caused by the bleeding of FLAG-rhTRAIL from the surface and by the fact that the R max value is not yet attained with 1000 nM DR5. Under the assumption that the three receptor binding sites on rhTRAIL are identical, dissociation of the receptor molecules from the trimer-trimer complex should show a single exponential behavior. We fitted the dissociation phase separately with BIAevaluation assuming a monoexponential decay (Fig. 5F) . Interestingly, the sensorgram deviates from the fitted dissociation curves, suggesting that the three receptor binding sites of rhTRAIL are not identical, having dissociation rate constants that may differ up to 1 order of magnitude.
FIG. 4. Sensorgrams of binding of RANKL to RANK-Fc on CM4 sensor chip.
A, binding of 500 nM RANKL to RANK-Fc, captured by protein A at different densities (40, 150, and 255 RU) on the surface of a CM4 sensor chip. B, binding of 3.9 -500 nM (bottom to top) RANKL to 13.4 RU of captured RANK-Fc to form complex AB was followed using a flow rate of 50 l/min at 37°C in HBS-P. The data were analyzed by global fitting using the 1:1 Langmuir model. Experimental data are indicated by the black lines, and the fitted curves are in red.
TABLE I Overview of rate constants for trimer-monomer complex formation between rhTRAIL WT and its death receptors DR4 and DR5 in comparison with rhTRAIL D269H/E195R
Mean values of several determinations (3 Յ n Յ 10) are indicated with the standard deviation. 
DISCUSSION
One of the standard technologies to analyze the affinity of a cytokine to its receptor(s) is SPR. SPR is a powerful technique for which no labeling of molecules is necessary, but experimental design and data analysis remain an important issue (9) . To our knowledge, in all SPR studies on TNF family ligands and their receptors, CM5 sensor chips have been used with medium to high densities of receptor often directly immobilized by primary amine coupling (4 -6, 10 -17) . In these studies, formation of the trimer-trimer complex, i.e. three receptor molecules to one trimeric TRAIL molecule, is assumed but not demonstrated. In a few SPR studies published (11, 12) , rate constants for rhTRAIL were determined by applying the 1:1 Langmuir model, which does not take into account the complexity of the binding of a multivalent molecule binding to immobilized receptor. Indeed, the trivalent character of TNF FIG. 5 . Binding of DR5 to preformed trimer-monomer complex of rhTRAIL and DR5-Fc or to captured FLAG-rhTRAIL. A trimermonomer complex was formed by binding 500 nM rhTRAIL to a low density of DR5-Fc captured by protein A on a CM4 sensor chip and followed by an injection of DR5 (concentrations, 94 -3000 nM; bottom to top). Binding of ϳ26 RU rhTRAIL to form a trimer-monomer with DR5-Fc was expected to allow binding of two molecules of DR5, which would lead to a response of 26 ϫ 2 ϫ 14.9/58.5 ϭ 13.2 RU as can also be measured. The different complexes are schematically represented in A and also indicated with arrows in B. The data for binding of DR5 to the complex of rhTRAIL WT or rhTRAIL D269H/E195R with DR5-Fc were processed by double correction as described (C and D, respectively). In another setup, FLAG-tagged rhTRAIL WT was captured by anti-FLAG antibody on a CM5 sensor chip. A series of cycles was performed, each with a sequence as follows: capture of anti-FLAG antibody by immobilized protein A to bind FLAG-tagged rhTRAIL whereafter a concentration of DR5 was injected finally followed by regeneration of the chip surface (E). Responses due to binding of a series of concentrations of DR5 (8.7-1000 nM; bottom to top) to FLAG-rhTRAIL were corrected with data of an empty lane and of buffer injection (F). The dissociation phase was fitted separately to a 1:1 Langmuir model (experimental curves are in black; fitted curves with a dissociation rate constant of 4.4⅐10 Ϫ4 s Ϫ1 are in red).
cytokines and the bidentate nature of receptor-Fc fusion proteins are a serious problem for kinetic elucidation of the interactions.
As an alternative method for SPR affinity determination, a steady state approach can be followed where equilibrium values are measured at varying concentrations, and the resulting binding isotherm reveals the affinity. When applying this approach for TRAIL, we realized that at low concentrations of rhTRAIL no equilibrium was reached (Fig. 1, A and B) . In earlier studies, we therefore used the term "pre-steady state" affinities (4 -6). We observed that an increase of the injection time led to higher pre-steady state responses at low rhTRAIL concentrations and resulted in lower apparent K D values (data not shown). This is in agreement with a simulation of binding curves calculated for different injection volumes (supplemental Fig. 1) , demonstrating that the derived apparent affinity values can deviate up to 2 orders of magnitude. Clearly, the extremely long injection times needed to reach equilibrium at low concentrations are impossible to achieve with SPR and most other techniques, leaving no room for improvement of this approach.
Interestingly, despite their nearly identical molecular weight, rhTRAIL mutant and WT proteins did not reach the same maximum SPR response at medium to high receptor density (Fig. 1, C and D) as also observed before (4, 6) . Capturing the receptor molecules via protein A allowed us to calculate the stoichiometry of the formed complexes. Only at very low densities of DR5-Fc were the R max values for the DR5-selective and WT rhTRAIL proteins identical ( Fig. 2A) . We could calculate that under these conditions each molecule of trivalent rhTRAIL bound to one molecule of DR5-Fc receptor, thus forming a trimer-monomer complex. These identical R max values could only be measured when using CM4 or C1 sensor chips, both of which have less active groups than the standard CM5 sensor chips. Clearly, the density of receptor and the type of sensor chip determine the stoichiometry of the formed complexes (Fig. 2B) . The formation of trimermonomer complexes demonstrates that each monomer of DR5 in the Fc fusion protein binds to a different rhTRAIL molecule (Fig. 2C) .
With these results, rhTRAIL could be defined as the only multivalent protein, and under the proper conditions, simple kinetics of one rhTRAIL molecule binding to one receptor molecule could be applied. Indeed, data obtained while injecting rhTRAIL proteins to very low densities of captured DR4-Fc or DR5-Fc could be fitted with the 1:1 Langmuir binding model, resulting in the association and dissociation rate constants for the binding of one receptor molecule to the trimeric rhTRAIL molecule (Fig. 3 and Table I ). The dissociation rate constants are very low, indicating that the first binding event is kinetically very important to enable formation of the proapoptotic cytokine-receptor complex.
The trimer-monomer complex of variant rhTRAIL
showed a 2.5-fold larger affinity for DR5-Fc compared with WT (Table I) , which is in agreement with earlier derived differences (6). This higher affinity for DR5 is caused by a significant increase in association rate constant. Unexpectedly, its more than 30-fold lower affinity for DR4-Fc is not caused by a higher dissociation rate of the complex but by a severe lowering of the association rate constant. The affinity of the trimer-monomer complex of rhTRAIL WT and DR5-Fc molecule (K D ϭ 0.03 nM; Table I ) is higher than affinities reported in the complex in the previous studies. However, it should be realized that other determinations report overall affinities and not only the first binding event.
The relatively high pre-steady state affinity value of 2.5 nM that we determined earlier for rhTRAIL WT and DR5-Fc (6) can be explained by the fact that apparent K D values can be substantially higher when equilibrium at low concentrations is not reached (supplemental Fig. 1) . In other experiments, K D values of 0.51 and 0.76 nM were determined via rate constants using a 1:1 model despite the fact that high receptor densities were used and thus mostly likely a trimertrimer complex was formed (10, 11) . Interestingly, isothermal titration calorimetry resulted in a K D value below the instrumental limit of 1 nM (18) . Taken together, the overall affinity of DR5 for rhTRAIL does not seem to be higher than the affinity describing binding of the first receptor molecule, strongly suggesting that the affinity of rhTRAIL for its receptor is dominated by the first binding event and that the two other receptor binding sites have lower affinities. Differences in affinity for the three binding sites are also suggested by binding of DR5 to preformed trimer-monomer (Fig. 5, A-D) . The need for very high receptor concentrations to reach an R max value indicates that the second and third receptor molecules bind with lower affinity. In addition, binding and dissociation of DR5 to captured FLAG-rhTRAIL showed heterogeneous behavior, pointing at deviations between the three receptor binding sites on rhTRAIL (Fig. 5F ). In agreement, crystal structures of the trimer-trimer complex of rhTRAIL and DR5 (19, 20) also show structural differences between the three receptor binding sites, and significant differences in binding energy were calculated (supplemental Fig. 3 ). The interpretation that the second and third receptor molecules bind with lower affinities may not be as surprising when realizing that upon binding of the first receptor molecule the trimer-monomer complex is trapped in the same two-dimensional plane as the receptor molecules with relatively high local concentrations of receptor.
In the absence of a functional method to analyze the kinetics of the trimer-trimer complex formation, we strongly advise using the trimer-monomer complex for the characterization of the dynamics of a cytokine-receptor pair. We could demonstrate that the method of analysis is applicable to other cytokines. For RANKL-RANK-Fc, formation of the trimer-monomer is characterized by an affinity of 0.7 nM (Fig. 4) , whereas BAFF with TACI-Fc or BCMA-Fc resulted in affinities of 1.4 and 0.7 nM, respectively. For others, such as TNF␣ and TNFR1-Fc or TNFR2-Fc, the responses were very low (data not shown), making it impossible to calculate the stoichiometry of the formed complex. Because the dissociation of the complexes did not show heterogeneity, the most likely explanation is that part of the receptor is not capable to bind the cytokine. Whether this is due to glycosylation or partially unfolded protein remains unclear. Interestingly, all analyzed trimer-monomer complexes of TNF family cytokine-receptor pairs are characterized by a slow dissociation. Our results indicate that the concept of avidity does not play an important role for TNF ligands. It seems that a strong binding of the cytokine to the first receptor molecule is important to bring it to the surface of the cell. The lack of significant dissociation will allow the second and third receptor molecule to bind and form the biologically active trimer-trimer complex. From this perspective, our results indicate that preformed oligomeric structures of receptors (21, 22) are not a prerequisite for formation of trimer-trimer complexes, although they will facilitate the signaling. Similarly, recruitment of death receptors into lipid rafts would increase the local density of receptor molecules and help to rapidly form the biologically active complex, thus making the cell more susceptible to TRAIL-mediated apoptosis (23) . For drug development, it is obvious that (receptor-specific) mutants of cytokines can be much better characterized by our method. Last but not least, our results suggest that a mono-or dimeric variant of a cytokine with higher receptor affinity than WT can have a strong antagonistic activity, which would not be easily achieved when avidity plays a more dominant role. In summary, our method allows for the first time unambiguous kinetic analysis of the interactions between TNF ligands and their receptors, which helps to better understand how these molecules initiate their signaling cascade.
